Stress loss of prestressed steel strands of existing bridges influences their bearing capacity, so it is of great significance to realize the stress detection. A steel strand that has an inductive property is designed into the resonant circuit, which can realize the stress measurement of the steel strands by testing the resonant frequency. is method is a promising approach for the stress detection of the steel strands. Previous research found that structural stress made the permeability of steel strands change due to the influence of magnetoelastic effect. In the process, the length of steel strands is also changed. erefore, further research needs to be done to verify the main influence parameter affecting the resonant frequency of the circuit. Furthermore, it is very important to know how the stress affects the resonant frequency to realize the detection of the prestressed force of the steel strands. erefore, in this paper, the relationship between stress and relative permeability and length is analyzed theoretically, and the theory of stress frequency of steel strands is modified and verified by experiments. e stress-frequency experiments of steel strands and aluminum strands with great difference in relative permeability are carried out. Experiments on stress frequencies of 7-V15.20 mm steel strands with different lengths are carried out. e influence of length and permeability parameters on resonance frequency is analyzed. e experimental results show that under the same conditions, the resonant frequencies of steel strands and aluminum strands are almost the same on LC electric circuits, and the resonant frequency decreases linearly with the increase of the natural length of the component and increases linearly with the increase of stress. Consequently, compared with the influence of length change on LC electromagnetic resonance frequency, the relative permeability of the stress change component can be ignored. e stress changes the resonant frequency mainly by changing the length of the strands.
Introduction
Prestressed concrete structure is to use steel strand to exert pressure on the structure before it is subjected to external load, and the resulting prestressed state is used to reduce or offset the tensile stress caused by the external load. Because the prestressing concrete bridges take advantage of the compressive performance of concrete, while perfectly avoiding the disadvantage of poor crack resistance, it has been widely used in long-span bridges all over the world. However, for the shrinkage and creep of concrete, steel relaxation and other factors will lead to loss of prestressing force of steel strands. Prestress loss threatens the durability and serviceability of structures. erefore, it is of great significance to detect the stress of steel strands in prestressed concrete bridges. At present, many nondestructive testing methods have been tried to apply to the prestress detection of steel strands, but no one has successfully applied to the stress detection of steel strands of prestressed concrete bridges.
Fiber Bragg grating (FBG) method can monitor the stress history and spatial distribution of prestressing steel strands. Shin et al. [1] used four different sensors to carry out experimental research on stress monitoring of steel strands. Huynh et al. [2] used this sensor to study the stress loss in the prestressed concrete structure caused by temperature.
Experiments show that the use of fiber Bragg grating embedded sensors can effectively evaluate the stress loss of steel strands. But, it needs to be embedded in the concrete structure in advance, which has limitations for the detection of the stress loss of the steel strands of the existing prestressed bridge; ultrasound-guided wave method [3, 4] is a common nondestructive testing method, which is widely used to detect crack lines on metal structures and corrosion defects on steel plates. Qian et al. [5] carried out experimental research on the relationship between the stress of steel strands and the guided wave and proved that there is a good correlation between the tension and the identification index. However, due to the loss of the ultrasonic guided wave when it passes through concrete, it can only be used in grouting bonded prestressing steel. Magnetoelastic method estimates stress by measuring the magnetic properties of supermagnetic materials. Duan et al. [6] [7] [8] [9] [10] [11] , based on magnetoelastic effect, has carried out an experimental study on stress monitoring of the high-strength steel wire, reinforced bar, and prestressed steel strands. Based on this method, Joh et al. [12] conducted a feasibility study on noncontact stress detection of steel strands. Kim et al. [13] proposed a tension monitoring system of a prestressed beam based on an embedded electromagnetic sensor. However, the magnetoelastic method needs to be demagnetized many times before stress measurement. It is difficult to ensure consistency between the state after demagnetization and the initial state. In addition, the magnetic flux leakage method [14] can be used to estimate the stress of external prestressing tendons, but it is difficult to apply to the stress detection of steel strands wrapped in concrete. e steel strand stress detection of the LC resonant circuit is to connect both ends of the steel strands into the circuit through the conductor. e change of the stress of the steel strands leads to the change of the inductance characteristic of the steel strands, which affects the resonance frequency of the circuit.
It has been proved that the stress of strands has a good correlation with the electromagnetic resonance frequency [15, 16] . It is feasible to detect the prestress of strands based on the LC resonant circuit. In the early stage, Zhang et al. [17] carried out experimental research on 1.2 m steel strands. It was proved that the stress of steel strands has a good negative linear relationship with electromagnetic resonance frequency. It is feasible to detect the prestress of steel strands based on the LC resonant circuit. It was found that the stress of 10 m long steel strands is positively correlated with the resonance frequency in the later study. In order to prove this conflict, experimental study was carried out on the 1.2 m, 10 m, and 15 m steel strand and established two sets of theoretical analysis to study the length effect based on the LC resonant electric circuit. As a kind of ferromagnetic material, according to the magnetoelastic properties of the material, the change of stress will lead to the change of permeability [15, 16] . At the same time, considering the principle of material elasticity, we know that the length of steel strands will also change. However, it is still unknown which parameter of relative permeability and length is the main factor affecting the resonant frequency. In this paper, research on this problem is carried out in order to provide guidance for the later detection methods of LC resonant prestress.
Based on the research, this paper theoretically analyzes the relationship between stress and relative permeability and length, and verifies it by experiments.
In the experiment, the steel strands (u r � 1500) and aluminum strands (u r � 1) with great difference in relative permeability are selected for stress-frequency test. e resonant frequency with the same stress and length of 7-V9 mm steel strands/aluminum strands are measured by experiment, and the influence of permeability on the frequency of the LC resonant circuit is analyzed. In addition, the length frequency and stress-frequency experiments are carried out on the 1,860 steel strands of 7-V15.2 mm, which is commonly used in the project. e influence of the length of steel strands on the frequency of the LC resonant circuit is analyzed. According to the experimental results, the stress of the strands mainly affects the resonant frequency of the circuit by changing the length of the strands. Compared with the influence of the length, the influence of the change of permeability on the resonant frequency of the circuit can be neglected.
Theoretical Model

Introduction of Resonance Circuit.
Based on the LC resonant circuit, an experimental study on stress detection of steel strands is carried out in this paper. e circuit model diagram is shown in Figure 1 , the initial inductance in the circuit is simplified to a fixed inductance, and steel strands are simplified as an inductance element. ey are connected in series with the inherent inductance in the circuit and in parallel with the capacitor. In the resonance circuit, there is energy resonance between inductance and capacitance. at is to say, when discharging, the electric energy in the capacitor is converted into the magnetic energy in the inductor, and when charging, the magnetic energy in the inductor is converted into the electric energy in the capacitor, forming the electromagnetic resonance relationship. Figure 1 , the voltage V C at both ends of the capacitor is equal to the voltage V L at both ends of the total inductance due to the parallel connection of inductance and capacitance. Because in
Derivation of Resonant Frequency. As shown in
the resonant circuit, the principle of energy resonance exists between inductance and capacitance; electric energy in capacitance and magnetic energy in inductance form electromagnetic resonance. External power supply continuously supplements the energy consumption in the circuit. us, the current flowing into the inductor is equal to the current flowing into the capacitor:
From the constitutive relation of circuit elements, it can be seen that 2
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e current expression is as follows:
e current angular frequency is
e resonant frequency of the circuit is
2.3. Inductance Deduction. As a ferromagnetic material, considering the elastic principle of the material, the length of steel strands changes under the action of stress. At the same time, the change of length will also change its magnetic properties [15] . rough the analysis and study of the steel strand structure, we can see that because the strands are made of six outer wires twisted around the central wire, it is simplified to a spiral coil model [17] . At the same time, there is a high-speed conversion between electric energy and magnetic energy between the capacitance and the test piece, simplifying the strands into a high-frequency AC circuit. According to the skin effect of the current, the current distributes on the surface of six strands around the strands, and the magnetic field inside the strands is approximately 0. e magnetic field along the axis of a long wireless solenoid is uniform, and its values are μ 0 NI/l.
In these formulas, Ψ is the magnetic flux, S is the crosssection area of steel strands, N is the number of coil turns of steel strands, N 1 is the number of coil turns of the single steel wire, L is the length of steel strands, u 0 is the vacuum permeability, and a is the twist distance of steel strands.
Stress-Frequency
Relationship. According to material mechanics, the elongation of steel strands under certain stress is as follows:
Because the silver-coated enameled wires are connected at both ends before being connected to the strands, there is a self-contained frequency in the circuit. So, the inductance in the circuit consists of three parts, that is, inherent inductance L 0 , inductance increment L l caused by natural length of steel strands, and stress-induced inductance increment L σ ; L 0 is obtained by connecting the two ends of the conductor in the experiment. e inductance of the inherent length of the strands can be obtained from the following formula:
e inductance increment caused by stress is
erefore, the resonant frequency can be obtained as follows:
2.5. Simulation Results. By substituting μ 0 � 4π × 10 − 7 H/m, σ � 7.194 MPa, L 0 � 0.000008 H, S � 139 × 10 − 6 m 2 , a � 0.212 m, E � 1.95 × 10 5 MPa, and C � 0.1 μF into formula (11) , the σ-f diagram can be obtained, as shown in Figure 2 . Advances in Materials Science and Engineering 3
By substituting the parameter l � 14 m into formula (11), the l-f diagram can be obtained as shown in Figure 3 .
As can be seen from formula (11) , the frequency of the LC resonant circuit is related to the stress and natural length of strands. From Figure 3 , it can be seen that the resonant frequency of the circuit is positively linearly related to the stress of the strands, and the resonant frequency increases with the increase of stress. As shown in Figure 2 , the resonant frequency of the circuit is inversely proportional to the natural length of the strands, and the resonant frequency decreases with the increase of the natural length of the strands. It can be concluded that the stress of the strands in the circuit mainly changes the resonant frequency of the circuit by changing the length of the strands, and the change of relative permeability of steel strands can be ignored. In order to prove this theory, the following experiments are carried out in this paper.
Experiments
Experimental Introduction.
In order to verify the effect of the change of permeability caused by the stress of strands on the resonant frequency of the LC circuit, experiments were carried out on 7-V9 mm strands (u r � 1500) and aluminum strands (u r � 1) with large difference in relative permeability. e circuit frequency of steel strands and aluminum strand tests under the same conditions, respectively, are carried out to determine whether the change of the component permeability will affect the electromagnetic resonance frequency. By testing the circuit frequency of 7-V15.20 mm steel strands with different lengths and the same stress, the influence of strand length on electromagnetic resonance frequency of the access circuit is simulated. Finally, the stress-frequency test of 14 m long 7-V15.20 mm steel strands is carried out to verify the revised theory of measuring the stress of steel strands based on the LC resonant circuit.
Schematic diagram of the experimental device for comparative test of steel strands and aluminum strands is shown in Figure 4 . e experimental device is divided into two parts: the force transfer device and the test circuit. Loading experiments of specimens with different lengths were carried out by passing the specimens through the reaction frame. Because the reaction frame is fixed on the ground and cannot be moved, it is impossible to obtain enough test data; a force transmission device is made as shown in Figure 4 . Two 16 mm diameter screw rods are used to penetrate the reaction frame. Two 3 cm-thick steel plates are customized and connected with nuts. e screw jack (measuring range is 5 t) is installed between the outer steel plate and the reaction frame for additional force ( Figure 5 ). e test circuit mainly connects the test piece into the circuit. One end of the test piece fixes the test piece with the steel plate by anchorage, and the other end fixes the test piece on the reaction frame by anchorage ( Figure 6 ). In order to prevent the pressure sensor from falling into the anchor, a cushion plate is installed between the anchor and the pressure sensor. e specimen is connected to the circuit by the silver-plated copper core-enameled wire, and the circuit diagram is shown in Figure 7 . Bluetooth is used to transmit the resonant frequency data of the circuit to the computer equipment. e field test drawings are shown in Figure 8 .
In order to prevent the reaction frame from introducing the circuit, the PVC tube is used to wrap the test piece at the junction of the test piece and the reaction frame to prevent the contact between the test piece and the reaction frame. e test piece is wound with an insulating tape at the connection of the pressure sensor, steel plate, and cushion plate to prevent the outside from introducing the circuit. In the stress-frequency experiment of 14 m steel strands, the screw rod cannot bear enough tension, so the transmission device is removed, and the hydraulic jack is used to load the steel strands directly on the reaction frame. e schematic diagram of the experimental device is shown in Figure 9 . 
Experimental Process.
In order to study the effect of permeability on stress detection of strands, the resonant frequency of the same tension force of 9 mm diameter strands/aluminum strands was measured. Because the maximum tensile stress of the aluminum strands is 7.8 kN, considering the deformation and safety factors, the tension force of 1 kN is exerted on the strands. For the sake of the authenticity of the experimental data, many groups of experiments were carried out, so experiments were carried out on steel strands/aluminum strands with different lengths, ranging from 600 cm to 1650 cm.
Before the experiment, the experimental equipment is debugged, and the pressure sensor is calibrated. e Advances in Materials Science and Engineering sensitivity coefficient of the pressure sensor connecting the strain box is set to 0.3846. When the specimen is relaxed, the display of the strain box is set to 0. When the tension is 1 kN, the resonant frequency of the circuit is recorded, and each group of experiments is repeated three times. e same experiment was carried out on steel strands with diameter of 15.20 mm. In order to analyze the stress-frequency relationship, the stress-frequency experiment of 14 m-long 7-V15.20 mm strands was carried out, and the tension was controlled from 10 kN to 126 kN. e resonant frequencies of the circuits under different stresses were measured, and the experiments were repeated four times in each group. Detailed changes in parameters are shown in Table 1 .
Experimental Data.
In order to study whether the change of stress-relative permeability will affect the resonant frequency of the circuit, experiments were carried out on 7-V9 mm steel strands and aluminum strands with length of 6m-16 m. e experimental data are shown in Tables 2 and  3 , and the analysis results are shown in Figure 10 .
In order to study the influence of strand length on circuit resonance frequency, experiments of different lengths of 7-V15.20 mm strands commonly used in engineering are carried out, ranging from 6-16 m. e experimental data are shown in Table 4 , and the analysis drawings are shown in Figure 11 .
In order to study the effect of stress on resonance frequency and verify the theoretical formula, the σ-f experiment of 14 m 7-V15.20 mm steel strands is carried out. e experimental data are shown in Table 5 , and the analysis diagram is shown in Figure 12 .
Data Analysis
(1) When the tension force of V9 mm steel strands is measured at 1 kN, the error rate of data repetition is controlled at 0.038%. Under the same conditions, the data repetition error rate of V9 mm diameter aluminum strands is controlled at 0.047% and that of V15.20 mm diameter steel strands is controlled at 0.045%. e steel strands with 14 m length are tested in σ-f experiment, and data duplication error rate is only 0.010%. (2) As shown in Figure 10 , V9 mm steel strands and aluminum strands access the circuit, and the resonant frequency of steel strands/aluminum strands with the same stress and length tends to be the same. When the length is 6 m, the maximum frequency difference is 1 kHz, and the frequency difference of other length specimens is very small. Error data when 6 m are considered. At the same time, the frequency of strands/aluminum strands is consistent with the length, that is, it decreases with the increase of length. Because the permeability of steel strands (u r � 1500) and aluminum strands (u r � 1) is quite different, therefore, both theoretical and experimental data are available. If other conditions are consistent, the difference of relative permeability of strands itself has little effect on resonance frequency. It can be concluded that the effect of stress changerelative permeability on resonance frequency is smaller.
(3) Figure 11 shows that under the same stress, the resonance frequency of V15.20 mm strands changes with the length; the frequency decreases linearly with the increase of length, and it is consistent with that of V9 mm steel strands/aluminum strands varying with length. Comparing l-f analysis with Figures 2 and 11 , we can see that, under the same stress, the resonance frequency of different length strands decreases with the increase of length, and the experimental results are consistent with the theoretical ones. Advances in Materials Science and Engineering Advances in Materials Science and Engineering (4) Figure 12 shows that the resonance frequency of 14 m V15.20 mm steel strands increases with the increase of stress. ere is a good positive linear correlation between stress and frequency. e data fitting equation is as follows: f � 7.94606 × 10 − 4 σ + 95.0528, R 2 � 0.96752. Comparing with Figure 3 , it can be found that there is a consistent correlation between experimental data and theoretical data in stress and frequency. But, the slope of fitting formula is 10 times that of theoretical formula. Considering that, under the action of stress, while the length of strands changes, the compactness of seven steel wires in the strand structure changes. erefore, the increase of the length produced by the stress cannot be simply equal to the increase of the length of the strands. Further research is needed in the next study. (5) e theoretical and experimental data show that compared with the influence of specimen length on relative permeability, the influence of relative permeability on resonance frequency can be ignored. e smaller the natural length of strands is, the more significant the resonance frequency is. erefore, it can be deduced that the effect of stress-changing permeability on resonance frequency can be ignored. e stress mainly changes resonance frequency by changing the length of steel strands.
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Conclusions
e stress loss of the prestressed steel strands of the bridges in service makes the deflection of the structure to decrease and the main beam to crack, which seriously threaten the bearing capacity of the structure. It is of great significance to realize the detection of steel strand prestress. LC resonance connects the steel strands as an inductance through the conductor into the circuit and realizes the stress detection of the prestressed steel strands by testing the resonance frequency of the circuit. e previous research team has proved that the resonance frequency of the circuit has a good linear correlation with the stress of the steel strands, and this method has great potential for the stress detection of the prestressed steel strands. As a kind of magnetic material, the magnetic properties of the steel strands will change when it deforms under the stress. erefore, it is very important to know which parameters affect the resonant frequency of the stress through changing. In this paper, the influence of permeability and length parameters on the resonant frequency of the circuit is studied in order to provide guidance for the future prestressing detection method.
In this paper, the relationship between stress and relative permeability and length is analyzed theoretically. e theory of stress detection of prestressed steel strands based on the LC resonant circuit is modified and verified by experiments. e inductance in the circuit is simplified into three parts: the inherent inductance generated by the circuit, the inductance caused by different lengths of steel strands, and the inductance increment caused by stress change.
rough theoretical analysis, it is found that the length is the main influence factor of resonance frequency. e theory is verified by establishing experiments of different lengths of steel strands and aluminum strands; according to the experiment, compared with the effect of length, the change of resonance frequency caused by the change of stress on permeability can be ignored. e stress mainly changes the resonance through the change of length; the resonance frequency has a negative linear correlation with the natural length, and the frequency decreases linearly with the increase of the natural length, and the experimental data are consistent with the theoretical law; the frequency of a certain length of steel strands is proportional to the stress, and the stress is linearly related to the frequency. e law of experimental data is consistent with the theoretical derivation.
In the next research, we need to further study the influence of the length change of the stress on the resonant frequency. In addition, the research on the stress frequency of the prestressed concrete structure with bond is carried out to make further efforts to realize the stress detection of the steel strands of the prestressed concrete bridges in service.
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